T4 RNA ligase 1 (Rnl1) is a tRNA repair enzyme that circumvents an RNA-damaging host antiviral response. Whereas the three-step reaction scheme of Rnl1 is well established, the structural basis for catalysis has only recently been appreciated as mutational and crystallographic approaches have converged. Here we performed a structure-guided alanine scan of nine conserved residues, including side chains that either contact the ATP substrate via adenine (Leu179, Val230), the 29-OH (Glu159), or the g phosphate (Tyr37) or coordinate divalent metal ions at the ATP a phosphate (Glu159, Tyr246) or b phosphate (Asp272, Asp273). We thereby identified Glu159 and Tyr246 as essential for RNA sealing activity in vitro and for tRNA repair in vivo. Structure-activity relationships at Glu159 and Tyr246 were clarified by conservative substitutions. Eliminating the phosphatebinding Tyr37, and the magnesium-binding Asp272 and Asp273 side chains had little impact on sealing activity in vitro or in vivo, signifying that not all atomic interactions in the active site are critical for function. Analysis of mutational effects on individual steps of the ligation pathway underscored how different functional groups come into play during the ligase-adenylylation reaction versus the subsequent steps of RNA-adenylylation and phosphodiester formation. Moreover, the requirements for sealing exogenous preformed RNA-adenylate are more stringent than are those for sealing the RNA-adenylate intermediate formed in situ during ligation of a 59-PO 4 RNA. .
INTRODUCTION
RNA ligases join 39-OH and 59-PO 4 RNA termini via a series of three nucleotidyl transfer steps: (1) RNA ligase reacts with ATP to form a covalent ligase-(lysyl-N)-AMP intermediate plus pyrophosphate; (2) AMP is transferred from ligase-adenylate to the 59-PO 4 RNA end to form an RNAadenylate intermediate (AppRNA); and (3) ligase catalyzes attack by an RNA 39-OH on the RNA-adenylate to seal the two ends via a phosphodiester bond and release AMP (Cranston et al. 1974; Sugino et al. 1977; Uhlenbeck and Gumport 1982) . Bacteriophage T4 RNA ligase 1 (Rnl1), discovered by Hurwitz and colleagues (Silber et al. 1972) , is the founding member of the RNA ligase enzyme family. Rnl1 exemplifies a distinct subgroup of RNA ligases with a narrow phylogenetic distribution and signature structural elements that are essential for ligase activity (Wang et al. 2003) . The Rnl1-like enzymes include homologs encoded by other bacteriophages (Fig. 1) , the tRNA ligases of fungi and plants, and an RNA ligase encoded by the Autographa californica baculovirus (Martins and Shuman 2004; Blondal et al. 2005; Englert and Beier 2005; Wang and Shuman 2005; Wang et al. 2006) . T4 Rnl1 and yeast tRNA ligase are functionally and structurally homologous proteins dedicated to the repair of programmed tRNA breaks in vivo (Amitsur et al. 1987; Phizicky et al. 1992; Schwer et al. 2004) .
The Rnl1 family is distinct from the Rnl2 family, which is exemplified by bacteriophage T4 Rnl2 and trypanosome RNA-editing ligases (McManus et al. 2001; Schnaufer et al. 2001; Ho and Shuman 2002) . The Rnl2-type enzymes comprise a branch of the covalent nucleotidyltransferase enzyme superfamily, composed of DNA ligases, RNA ligases, and mRNA capping enzymes, all of which catalyze the nucleotidylation of polynucleotide 59 ends via a covalent enzyme-(lysyl-Nz)-NMP intermediate . The typical nucleotide-binding pocket of covalent nucleotidyltransferases is composed of six peptide motifs (I, Ia, III, IIIa, IV, and V) (shaded in Fig. 1 ) that contribute essential constituents of the active site. Knowledge of the structural basis for catalysis and substrate recognition by RNA ligases has emerged from studies of T4 Rnl2 entailing extensive mutational analyses and nucleic acid substrate modifications (Yin et al. 2003; and a suite of crystal structures including (1) the N-terminal adenylyltransferase domain with noncovalently bound AMP ); (2) the full-length Rnl2 with covalently bound AMP (Nandakumar et al. 2006) ; and (3) Rnl2 bound to a nicked duplex substrate (Nandakumar et al. 2006 ). The structure of the adenylyltransferase domain of trypanosome REL1 has been reported (Deng et al. 2004) , and it is very similar to T4 Rnl2.
The basis for catalysis by the Rnl1 ligase family has begun to emerge from a combination of mutational studies (Heaphy et al. 1987; Wang et al. 2003; Wang and Shuman 2005) and a newly reported structure of T4 Rnl1 ( Fig. 2A ; El Omari et al. 2006 ). Gait and colleagues had shown 20 years ago that T4 Rnl1 forms a covalent enzyme-AMP intermediate at Lys99 and that mutation of Lys99 (or vicinal residue Asp101) abolishes ligase activity (Thogerson et al. 1985; Heaphy et al. 1987) . Wang et al. (2003) later tested the effects of alanine mutations at 19 conserved positions in Rnl1 and thereby identified nine other residues essential for ligase activity. Seven essential residues are located within counterparts of conserved nucleotidyl transferase motifs I ( 99 KEDG 102 ), Ia ( 118 SK 119 ), IV ( 227 EGYVA 231 ), and V ( 238 HFKIK 242 ) that comprise the active sites of DNA ligases and mRNA capping enzymes ( Fig. 1 ; Wang et al. 2003; Shuman and Lima 2004) . Three other essential residues, Arg54, Lys75, and Phe77, are located upstream of the AMP attachment site within a conserved domain unique to phage Rnl1 and yeast tRNA ligase (colored blue in Fig. 2A ). We therefore proposed a shared evolutionary history and active site architecture in T4 Rnl1 (a tRNA repair enzyme) and Trl1 (a tRNA splicing enzyme).
We determined structure-activity relationships via conservative substitutions at essential residues and examined mutational effects on the isolated steps of Rnl1 adenylylation (step 1) and phosphodiester bond formation (step 3). Lys75, Lys240, and Lys242 were found to be essential for step 1 and overall ligation of 59-phosphorylated RNA, but not for phosphodiester bond formation. These results suggested that the composition of the Rnl1 active site is different during steps 1 and 3. Of note, mutations at Arg54 and Lys119 abolished the overall RNA ligation reaction without affecting steps 1 and 3. Arg54 and Lys119 were thereby implicated as specific catalysts of the RNA adenylation reaction (step 2) of the ligation pathway (Wang et al. 2003) .
El Omari et al. (2006) recently reported a 2.2 Å structure of T4 Rnl1 that revealed a unique all-helical C-terminal domain with no counterpart in DNA ligases, capping enzymes, or Rnl2-type RNA ligases ( Fig. 2A) . A remarkable feature of the Rnl1 structure, captured with the ATP analog AMPCPP, is that the substrate adenylate moiety and many of the side chains at the active site are almost perfectly superimposable on the adenylate and active site residues of T4 Rnl2 El Omari et al. 2006; Nandakumar et al. 2006 ). The identity of many of the active site constituents seen in the Rnl1 crystal structure (Fig. 2B) , and even several specific atomic contacts, had been surmised based on mutational analyses (Wang et al. 2003) . While nicely accounting for the available structure-function data, the Rnl1 structure also revealed candidate active site residues that were not anticipated from sequence comparisons, including side chains coordinating two metal ions (Glu159, Tyr246, Asp272, Asp273) or contacting the adenine ring of AMPCPP (Leu179, Val230), the 29-OH (Glu159), and the g phosphate (Tyr37) ( Fig. 2B ). Glu159 and Leu179 are located within previously unrecognized equivalents of nucleotidyl transferase motifs III and IIIa (Fig. 1) .
Here, guided by the T4 Rnl1 structure, we performed an alanine scan of the seven residues cited above and two other amino acids (Trp45, Asn165) conserved among bacteriophage Rnl1 homologs (the targeted residues are indicated by ''|'' in Fig. 1 ). We thereby identified Glu159 and Tyr246 FIGURE 1. Bacteriophage RNA ligase 1. The amino acid sequence of T4 Rnl1 is aligned to the sequences of the homologous proteins of coliphage RB69, vibriophage KVP40, and Aeromonas hydrophila phage Aeh1. The secondary structure elements of T4 Rnl1 are displayed above the sequence, with b-strands indicated by arrows and helices as cylinders. Nucleotidyl transferase motifs I, Ia, III, IIIa, IV, and V are highlighted in shaded boxes. T4 Rnl1 residues identified previously as essential are indicated by d. Nonessential residues are indicated by +. The nine amino acids mutated in the present study are denoted by ''|.'' as essential for overall ligase activity. We proceeded to delineate structure-activity relationships at Glu159, and Tyr246 and to test the present set of Rnl1 mutants for their ability to catalyze tRNA repair in vivo.
RESULTS

Structure-guided alanine scan of T4 Rnl1
Wild-type Rnl1 and mutants Y37A, W45A, E159A, N165A, L179A, V230A, Y246A, D272A, and D273A were produced in bacteria and then purified from soluble lysates by Niagarose chromatography (Fig. 3A) . The proteins were assayed for RNA ligation under conditions of enzyme excess in order to illuminate the most severe catalytic defects ( Fig. 3B ). Reaction of wild-type Rnl1 with a 59 32 Plabeled 18-mer RNA oligonucleotide (pRNA) in the presence of 20 mM ATP resulted in nearly complete conversion of the substrate to a new radiolabeled product, migrating faster than the input 18-mer pRNA strand, which corresponds to a covalently closed 18-mer circle formed by intramolecular ligation of the 59-PO 4 and 39-OH termini of the RNA strand. A minor product, migrating z1 nucleotide (nt) step slower than the input 18mer, corresponds to the RNA-adenylate (AppRNA) generated by AMP transfer from Rnl1-AMP to the 59 end of the input 18-mer RNA. Mutants Y37A, D272A, and D273A also catalyzed circularization of the substrate, implying that Tyr37, Asp272, and Asp272 are nonessential for ligase function. In contrast, E159A failed to form ligated circular RNA or the RNA-adenylate intermediate. Y246A formed no circular product and only low levels of RNAadenylate. We surmise that Glu159 and Tyr246 are essential for RNA ligase activity. Four other mutants (W45A, N165A, L179A, and V230A) generated substantial circular RNA product, albeit less than wild-type Rnl1, while also forming higher levels of residual RNA-adenylate than wild-type Rnl1, suggesting a modest defect in strand sealing for these mutants.
The mutational effects on the adenylyltransferase activity of recombinant Rnl1 (step 1 of the ligation pathway) were gauged by label transfer from [a-32 P]ATP to the Rnl1 polypeptide to form a covalent enzyme-adenylate adduct. The yield of Rnl1-AMP by mutants Y37A, N165A, L179A, V230A, D272A, and D273A was similar to that of wild-type Rnl1 (Fig. 3C ), which is in keeping with the observation that each of these mutants was active in the composite pRNA ligation reaction. An instructive finding was that Y246A retained wild-type adenylyltransferase activity despite being grossly defective in pRNA ligation, implying that Tyr246 is critical for a downstream step in the reaction pathway. W45A and E159A yielded about half and one-fifth as much ligase-AMP, respectively, as did wild-type Rnl1. Thus, a step 1 defect might contribute to, but does not entirely explain, the complete loss of overall function of the E159A protein.
Mutational effects on the kinetics of single-turnover pRNA ligation
A finer analysis of the pRNA ligation reaction by those proteins that retained activity in the single point assay ( Fig.  3B ) was performed by following the rate of product formation under conditions of enzyme excess (Fig. 4) . RNA circularization by wild-type Rnl1 was complete within 5 min, and there was little RNA-adenylate intermediate detected at earlier times when 25%-50% of the substrate had been consumed ( Fig. 4 ). Y37A, D272A, and D273A reacted with similar kinetics and did not accumulate RNAadenylate intermediate. From the data in Figure 4 , we estimated that the initial rates of sealing by D272A and D273A were one-half of the wild-type value. L179A catalyzed circularization at half the initial rate of wild-type Rnl1 but attained a slightly lower endpoint at 10 min owing to the accumulation of residual RNA-adenylate ( Fig. 4 ). Mutants V230A, N165A, and W45A were more clearly compromised, with initial rates of circularization being onetenth of the wild-type value (Fig. 4 ). V230A and N165A consumed nearly all of the input substrate after 30 min, with higher than wild-type levels of residual RNA-adenylate. W45A did not consume all of the substrate in this experiment, even after 30 min.
Phosphodiester formation at a preadenylated RNA 59 end A preadenylated 18-mer RNA substrate (AppRNA) was used for analysis of step 3 of the ligation pathway in isolation.
Reaction of Rnl1 with AppRNA in enzyme excess in the absence of ATP resulted in the appearance of a sealed circular RNA product ( Fig. 5 ). As noted previously (Wang et al. 2003) , essentially no 59-PO 4 RNA strand (pRNA) was formed, signifying that the reaction was biased toward ligation (step 3) and away from deadenylation (the reverse of step 2 of the ligation pathway). Mutants Y37A, D272A, and D273A displayed wild-type extents of step 3 activity, consistent with their vigorous overall sealing function. E159A and Y246A were virtually inert in phosphodiester formation, implying that Glu159 and Tyr246 are essential for both steps 2 and 3 of the ligation pathway. N165A was able to circularize RNA-adenylate, albeit to a lesser extent that wild-type Rnl1 (Fig. 5 ), which might explain the presence of residual RNA-adenylate during the reaction of N165A with a pRNA substrate (Fig. 4) .
The W45A, L179A, and V230A enzymes were grossly defective in the isolated step 3 reaction, while retaining substantial activity in ligase adenylation and overall pRNA ligation. These paradoxical effects, which echo those reported previously for Arg182 mutations (Wang et al. 2003) , indicate that the sealing of an exogenous preformed AppRNA differs in certain respects from the sealing of the AppRNA intermediate formed in situ on the enzyme.
Structure-activity relationships at Glu159 and Tyr246
To further evaluate the contributions of the two newly defined essential residues (Glu159 and Tyr246) to the RNA ligase reaction, we tested the effects of conservative substitutions. Glu159 was replaced by glutamine and aspartate; Tyr246 was changed to phenylalanine, leucine, and serine. The conservative mutants were produced in Escherichia coli and purified from soluble bacterial extracts by Ni-agarose chromatography; SDS-PAGE (data not shown) confirmed that their purity was similar to that seen in Figure 3A for Rnl1-Ala mutants. Single point assays of pRNA sealing by excess Rnl1 revealed that E159Q was unreactive, highlighting the requirement for a carboxylate functional group (Fig. 6A ). E159D was also defective, catalyzing scant conversion of pRNA to circular product and RNA-adenylate intermediate under conditions in which wild-type Rnl1 circularized all of the substrate. We surmise that the distance from the main chain to the carboxylate is critical for the function of this residue. The finding that pRNA sealing was abolished by the leucine and serine changes at Tyr246 indicates that a hydroxyl is not sufficient and an aromatic moiety is essential (Fig. 6A) . The latter point is underscored by the partial restoration of function by introducing phenylalanine. The initial rate of circularization by Y246F was 4% of the wild-type value (Fig. 6B) .
Mutational effects on tRNA repair activity in vivo
The enzymatic steps in bacteriophage tRNA repair are broadly similar to those of yeast tRNA splicing. The endhealing and strand-sealing steps of the phage T4-encoded tRNA repair pathway are performed by Pnkp and Rnl1, whereas a single polypeptide Trl1 (composed of discrete healing and sealing domains) performs these steps during yeast tRNA splicing (Amitsur et al. 1987; . We have shown that RNA repair systems are portable in vivo, insofar as a lethal trl1D mutation of Saccharomyces cerevisiae can be rescued to normal growth by coexpression of bac-teriophage T4 Rnl1 and Pnkp (Schwer et al. 2004) . This approach provides a means to test structure-function relationships for RNA repair enzymes by functional complementation in yeast.
A plasmid-shuffle complementation assay revealed that coexpression of wild-type T4 Rnl1 and T4 Pnkp (in a CEN plasmid under the control of the yeast SLU7 promoter) rescued the trl1D mutation at 18°C, 30°C, and 37°C (Table  1) . We found that whereas the six Rnl1 mutants that were defective for pRNA ligation in vitro (E159A, E159D, E159Q, Y246A, Y246S, Y246L) were unable to support tRNA splicing in vivo at any temperature tested, the Rnl1-Ala mutants that displayed wild-type or near wild-type pRNA sealing activity in vitro (Y37A, D272A, D273A, L179A) were active in vivo in yeast (Table 1) . Even the Rnl1 mutants with reduced sealing activity in vitro (W45A, N165A, V230A, Y246F) were capable of complementing the trl1D strain (Table 1) .
DISCUSSION
T4 Rnl1 is a bona fide RNA repair enzyme that plays a critical role in thwarting the tRNA-damaging antiviral response of the host bacterium. Although the reaction scheme has been known for many years (Uhlenbeck and Gumport 1982) , the structural basis for catalysis has only recently been appreciated as mutational and crystallographic approaches have converged. Rnl1 consists of three modules: (1) a nucleotidyl transferase domain (amino acids 71-242) (colored green in Fig. 2A ) composed of a cage of b strands that form a nucleotide-binding pocket; (2) a The structure of Rnl1 bound to the unreactive analog AMPCPP and two metal ions plausibly mimics the Michaelis complex immediately prior to catalysis of the ligase adenylylation reaction. The Rnl1 Lys99 is apical to the pyrophosphate leaving group, with Nz located 3.5 Å from the a phosphorus and in a suitable orientation for in-line attack. The constellation of previously identified essential residues that comprise the Rn1 active site includes three that contact the a phosphate of AMPCPP (Lys99, Lys240, Lys242) and four that contact the b or g phosphates (Arg54, Lys75, Lys119, Lys240) ( Fig. 2B ). Here we found that elimination of Tyr37, which contacts the g phosphate in the crystal structure, has no discernible impact on Rnl1 activity in vitro or in vivo. This is a remarkable finding given that Tyr37 is the sole protein contact to the O3g atom and is conserved as a tyrosine in other phage Rnl1 homologs (Fig. 1) .
Two divalent metals are seen in the Rnl1 active site: a magnesium ion that interacts with the b phosphate and a calcium ion that coordinates the a phosphate (Fig. 2B) . Ala mutations of the two magnesium-binding residues (Asp272 and Asp273) had no significant impact on Rnl1 activity. The Asp-Asp pair is conserved in other phage Rnl1 proteins. Asp272 coordinates the magnesium directly, whereas Asp273 interacts indirectly via a water of the octahedral magnesium complex. Asp273 also forms an ion pair with essential motif V residue Lys242 (Fig. 2B) . Apparently neither contact of Asp273 is essential. Although a two-metal mechanism for the ligase adenylylation reaction has been discussed (El Omari et al. 2006) , the present data raise the possibility that proper orientation of the leaving group in step 1 is attainable via the extensive network of phosphate contacts with lysine and arginine side chains, either in the absence of the magnesium seen in the ligase structure or with an alternative magnesium coordination complex in which the D272 carboxylate atom is replaced by water.
In contrast, the side-chain components of the calcium coordination complex to the a phosphate are all essential for Rnl1 activity. These include Asp101 (motif I), Glu227 (motif IV), and the two residues identified here as critical for catalysis: Tyr246 and Glu159. Calcium is not a likely physiological cofactor for Rnl1; the ''correct'' cofactor is presumed to be magnesium. The calcium in the Rnl1 structure reflects the use of high concentrations of this metal in the crystallization buffer (El Omari et al. 2006 ). Yet, the location of the calcium in the Rnl1 step 1 substrate complex is close to that of magnesium in the covalent Rnl2-AMP intermediate (the step 1 product complex) (Nandakumar et al. 2006 ), suggesting that the calcium site in Rnl1 is the correct one occupied by magnesium for catalysis of ligaseadenylylation. It is notable that the calcium coordinates seven oxygen atoms (six from water and one from the a phosphate). It would be expected that magnesium forms an octahedral complex with six constituents.
The essential Tyr246 residue is located within the first helix of the unique C-terminal domain of Rnl1 and is conserved in other phage Rnl1 enzymes. The crystal structure suggests that the Y246 OH receives a hydrogen bond from a water in the calcium coordination complex and donates a hydrogen bond to the Asp101 carboxylate. Yet the contacts seen in the step 1 substrate complex are not likely to reflect the key roles of Tyr246 and Asp101, insofar as Asp101 was shown by the Gait laboratory to be dispensable for ligase-AMP formation (Heaphy et al. 1987 ) and we report here that replacing Tyr246 with alanine had no effect on the extent of ligase adenylylation in vitro. Our findings point to essential functions of Tyr246 during steps 2 and 3 of the ligation pathway (similar to the requirement for Asp101 in steps 2 and 3 noted previously). The structure-activity relationships at Tyr246 indicate that hydrogen bonding via the hydroxyl is not the sole critical contribution of this residue. The Y246F change restores ligase activity partially compared with Y246A (to 4% of the wild-type rate in vitro), and this level of activity appears to suffice for tRNA splicing in yeast. The finding that the Y246L mutant is inactive in vitro and in vivo suggests that the aromatic quality of the side chain, or the Ce and Cz atoms of the phenol ring, is essential. Indeed, the phenol ring of Tyr246 stacks closely on the essential Glu227 side chain, making multiple van der Waals contacts, as follows: (1) Tyr Cd1 to Glu Ca (3.6 Å );
(2) Tyr Ce1 to Glu Cb (3.8 Å ); (3) Tyr Cz to Glu Cg (3.4 Å ); and Tyr O to Glu Cd (3.7 Å ). We surmise that these stacking interactions, together with the hydrogen bond contacts cited above, comprise the key contributions of Tyr246 to catalysis of steps 2 and 3. Because Tyr246 is situated Cold Spring Harbor Laboratory Press on January 30, 2020 -Published by rnajournal.cshlp.org Downloaded from above the AMP moiety on the enzyme surface, it is also possible that it makes contact with one of the RNA termini during the steps of RNA adenylylation and phosphodiester formation.
Glu159 is essential for Rnl1 activity in vitro and in vivo. In addition to its water-mediated contact to the calcium ion, Glu159 accepts a hydrogen bond from the ribose O29 of AMPCPP (Fig. 2B ). Glu159 is located within the Rnl1 counterpart of nucleotidyltransferase motif III (FTAN-FEFV 161 ) (Fig. 1) found in all branches of the ligase/capping enzyme superfamily. The motif III glutamate contacts the ribose sugar of the NTP substrate, the covalent enzyme-NMP intermediate, or the polynucleotide-adenylate intermediate in various crystal structures of nucleotidyltransferase superfamily members (Subramanya et al. 1996; Håkansson et al. 1997; Pascal et al. 2004; Nandakumar et al. 2006 ). The original consensus motif III element was defined as uuuDGEuu (where u is an aliphatic side chain). Later studies showed that the aspartate preceding the glycine, although essential when present in ligases or capping enzymes, is not strictly conserved in all nucleotidyltransferases (Wang et al. 1997) . Also, the glycine is replaced in some ligases and capping enzymes by alanine, serine, cysteine, or threonine. The glutamate is the only strictly conserved motif III residue, and it is essential for ligase or capping enzyme activity in all cases tested (Sriskanda and Shuman 2002; Yin et al. 2003; Zhu and Shuman 2005) . We find that Glu159 is strictly essential in Rnl1, because conservative substitutions with glutamine or aspartate abolished or suppressed pRNA sealing and were lethal in vivo. These findings clarify that Rnl1 uses the same complement of essential motifs within the nucleotidyltransferase domain as do other members of the superfamily. Glu159 is one of two essential side chains that contact the adenylate ribose, the other being Arg54, which coordinates the O39 atom (Fig. 2B) .
Rnl1, like Rnl2, makes no side-chain contacts to the edge of the adenine base. The adenine occupies a hydrophobic pocket, where it is sandwiched between residues Leu179 (motif IIIa) and Val230 (motif IV). The adenine sandwich in Rnl1 is a variant of the aromatic(IIIa)-purine-hydrophobic (IV) stack characteristic of other polynucleotide ligases and RNA capping enzymes. Changing Leu179 and Val230 to alanine had little effect on the extent of Rnl1 adenylylation in vitro and resulted in rate decrements of twofold and 10-fold, respectively, for single-turnover pRNA ligation. Nonetheless, the L179A and V230A mutants were able to support tRNA splicing when expressed in yeast. Paradoxically, the L179A and V230A mutations abolished the sealing of preformed AppRNA by Rnl1 but spared the overall pRNA ligation reaction, which perforce requires catalysis of step 3. The explanation offered previously for this anomaly was that sealing of an exogenous AppRNA substrate entails a step in the binding of free AppDNA that does not apply when the adenylated polynucleotide in-termediate is formed in situ at the ligase active site (Wang et al. 2003) . We infer that the adenine sandwich is more stringently required for binding the 59 adenylate of free AppRNA than it is for binding ATP. We also infer a role for the sandwich in retaining the AppRNA intermediate formed during the composite pRNA ligation reaction, insofar as the L179A and V230A mutants accumulate higher than normal levels of residual RNA adenylate. As discussed extensively for DNA ligase and Rnl2 (Sriskanda and Shuman 1998; Ho and Shuman 2002) , the trapping of residual polynucleotide adenylate reflects premature release of the step 2 product and subsequent reaction of the ligase apoenzyme with ATP to form ligase-AMP, which can no longer react with free AppRNA. We had seen previously that mutations of Arg182 in Rnl1 also selectively block the sealing of exogenous AppRNA but have little effect when the RNAadenylate is formed in situ. The Rnl1 crystal structure clarifies that Arg182, which is part of the motif IIIa b strand (Fig. 1) , forms a bidentate salt bridge to Glu52 on the back side of the enzyme away from the active site; we suspect that this ion pair stabilizes the interface of the adenylyltransferase domain with the Rnl1-specific N-terminal module.
Alanine mutations at two other conserved Rnl1 residues-Trp45 and Asn165-also result in slowing of singleturnover pRNA ligation, albeit not severe enough to affect tRNA splicing in yeast. Neither Trp45 not Asn165 is a constituent of the active site of the Rnl1-AMPCPP substrate complex. N165A displays a partial defect in the isolated step 3 reaction and accumulates AppRNA during a reaction with pRNA, suggesting an effect on RNA binding. Asn165 is located on the surface of the adenylyltransferase domain near the rim of the adenylate pocket; the Asn Od1 accepts a hydrogen bond from the hydroxyl of Ser103 (flanking motif I). It is conceivable that Asn165 stabilizes the active conformation of the motif I interstrand loop (Fig. 1) ; alternatively, Asn165 might interact directly with one of the ends of the RNA substrate.
Changing Trp45 to alanine abolished sealing of preformed AppRNA. While not itself a constituent of the active site, Trp45 residues within a hydrophobic core of the protein at the interface of the adenylyltransferase domain and N-terminal module. Trp45 makes van der Waals contacts to Tyr37 (which is part of the active site, although not essential) and to Phe77. We showed previously that changing Phe77 to alanine severely inhibited overall pRNA ligation, ligaseadenylylation, and the sealing of preformed AppRNA (Wang et al. 2003) . We surmise that the hydrophobic core to which Trp45 and Phe77 contribute is important for the proper folding of Rnl1.
In summary, we have exploited the recent structure of Rnl1 (El Omari et al. 2006) to complete a functional dissection of the active site. Our findings underscore the theme that crystallographic contacts are not always predictive of stringent functional relevance. The constellation of Rnl1 side-chains essential for activity now includes 11 residues: Arg54, Lys75, Phe77, Lys99, Asp101, Lys119, Glu159, Glu227, Lys240, Lys242, and Tyr246. The major outstanding questions concerning Rnl1 now pertain to the nature of the RNA-binding surface and the issue of whether Rnl1 specifically recognizes broken tRNAs.
MATERIALS AND METHODS
Recombinant T4 Rnl1
Amino acid substitution mutations were introduced into the rnl1 gene by PCR using the two-stage overlap extension method as described previously (Wang et al. 2003) . The mutated genes were digested with NdeI and BamHI and then inserted into pET16b. The plasmid inserts were sequenced completely to exclude the acquisition of unwanted changes during amplification and cloning. Wildtype and mutant pET-RNL1 plasmids were transformed into E. coli BL21(DE3). Induction of Rnl1 production with IPTG and purification of His 10 -Rnl1 from soluble bacterial extracts by Ni-agarose chromatography were performed as described previously (Wang et al. 2003) . Protein concentrations were determined with the BioRad dye reagent using bovine serum albumin as the standard.
RNA ligase assay
An 18-mer oligoribonucleotide (59-AUUCCGAUAGUGACUACA) was 59 32 P-labeled using T4 polynucleotide kinase and [g-32 P]ATP. The labeled 18-mer was purified by electrophoresis through a 20% polyacrylamide gel. RNA ligation reaction mixtures (10 mL) containing 50 mM Tris-HCl (pH 8.0), 2 mM DTT, 10 mM MgCl 2 , 1 pmol of 59 32 P-labeled 18-mer RNA (pRNA), 20 mM ATP, and 400 ng Rnl1 were incubated for 30 min at 37°C. The reactions were quenched by adding 5 mL of 95% formamide and 20 mM EDTA. For kinetic analysis of RNA sealing, reaction mixtures (80 mL) containing 50 mM Tris-HCl (pH 8.0), 2 mM DTT, 10 mM MgCl 2 , 8 pmol of labeled pRNA, 20 mM ATP, and 3.2 mg Rnl1 were incubated at 37°C. The reactions were initiated by adding enzyme. Aliquots (10 mL) were withdrawn at the time specified and quenched immediately with formamide/EDTA. The samples were analyzed by electrophoresis through an 18% polyacrylamide gel containing 7 M urea in 0.53 TBE (45 mM Tris-borate, 1 mM EDTA). The ligation reaction products were visualized by autoradiography of the gel and quantified with a Fujifilm BAS-2500 imager.
Adenylyltransferase assay
Reaction mixtures (20 mL) containing 50 mM Tris-HCl (pH 8.0), 2 mM DTT, 5 mM MgCl 2 , 20 mM [a-32 P]ATP, and 0.5, 1.0, or 1.5 mg of wild-type or mutant Rnl1 were incubated for 12 min at 37°C. The reactions were quenched with SDS, and the products were analyzed by SDS-PAGE. The ligase-[ 32 P]AMP adduct was visualized by autoradiography of the dried gel and quantified by scanning the gel with a Fujifilm BAS-2500 imager. The adenylyltransferase specific activities (pmol ligase-[ 32 P]AMP formed per microgram of protein) were calculated from the slopes of the titration curves.
Sealing of preformed RNA-adenylate
Reaction mixtures (10 mL) containing 50 mM Tris-HCl (pH 8.0), 2 mM DTT, 10 mM MgCl 2 , 0.2 pmol of 59 32 P-labeled RNA-adenylate strand AppAUUCCGAUAGUGACUACA (synthesized and gel-purified as described in Yin et al. 2003) , and 400 ng Rnl1 as specified were incubated for 30 min at 37°C. The reactions were quenched with formamide/EDTA and the products analyzed by PAGE.
Test of Rnl1 tRNA repair function by plasmid shuffle
The trl1D haploid strain YRS1 ) was cotransformed with a CEN TRP1 RNL1 plasmid bearing a wild-type or mutated version of T4 Rnl1 under the control of the yeast TPI1 promoter and a CEN HIS3 PNKP plasmid expressing bacteriophage T4 Pnkp under the control of the yeast SLU7 promoter. Transformants were selected on medium lacking tryptophan and histidine. Two individual colonies were transferred to fresh selective medium. The isolates were then streaked on agar medium containing 0.75 mg/mL 5-FOA. The plates were incubated at 18°C, 30°C, and 37°C. Lethal mutations were those that did not allow formation of FOA-resistant colonies after 7-10 d at any of the temperatures tested (scored as ''-'' in Table 1 ). Other mutated alleles supported FOA-resistant colony formation at one or more of the growth temperatures. Individual colonies were picked from the FOA plate, transferred to yeast extract/peptone/dextrose (YPD) medium, and then tested for growth on YPD agar at 18°C, 30°C, and 37°C. RNL1 strains that formed ''wild-type'' sized colonies were scored as ''+++.'' Strains that formed smaller colonies were scored as ''++.''
